and, indeed, the induction of hypothermia during some pathophysiological states can lead to significant adverse side effects (15) . Mammals are also affected by hypothermia at the cellular level. These cellular effects of hypothermia include decreases in oxygen consumption and metabolic rate, alterations in redox state (16) , and gene expression program (15, 19) . Some of the genes shown to be directly affected by hypothermia include cold-induced RNA-binding protein (CIRBP) (13, 14) and RNA binding motif 3 (RBM3) (4) . Others, observed after hypothermic exposure in vivo, are likely the result of the compensatory activation of the sympathetic nervous system that occurs in response to hypothermia (2) . Still others, such as TNF-␣ and IL-1␤, have been demonstrated in vitro in the context of a concomitant underlying stimulus such as LPS (5) . It thus appears that cold can alter gene expression through direct effects on cells, through cellular responses to systemic signals, and through modulation of the effects of other stimuli. However, the full extent to which hypothermia alters gene expression in human cells is unknown.
Although hypothermia can occur in and complicate pathological states, moderate systemic hypothermia has also been found to be of therapeutic value in select clinical settings. Mild to moderate systemic hypothermia (32-34°C for 12-24 h) has been found to improve neurological outcomes after out-ofhospital cardiac arrest (1, 9) and may be beneficial in selected patients with severe closed head injury (11, 12) . Recently, systemic hypothermia of 33.5°C for 72 h was found to improve both survival and neurological outcomes in newborn infants suffering from hypoxic-ischemic encephalopathy (17) . Although the precise cellular mechanisms leading to the benefits are unclear (16) , it is noteworthy that the degrees of induced hypothermia in these studies were comparable with what is required to induce changes in gene expression in mammalian cells in vitro. This raises the question of whether or not some of the beneficial effects of therapeutic hypothermia might be attributable to changes in gene expression, either in inflammatory cells or in tissues themselves.
The acute mononcytic leukemia cell line THP-1 is an established in vitro system for analyzing the effects of hypothermia on cytokine secretion and gene expression in response to proinflammatory stimuli such as LPS (6) . Moderate hypothermia (32°C) alters the kinetic profile of LPS-stimulated expression of TNF-␣ and IL-1␤ (6) , attributable to the augmentation of NF-B activation through a cold-induced delay in the reexpression of IB-␣ after LPS stimulation (5) . THP-1 cells are thus clearly capable of responding to hypothermia in the presence of a proinflammatory stimulus. However, it is not known to what extent hypothermia can alter gene expression in the absence of a proinflammatory stimulus. A better knowledge of which genes are affected by hypothermia in models of inflammatory cells (e.g., THP-1) is required if we are to identify additional mechanisms that may be susceptible to manipulation for therapeutic benefit.
In this study, we report on the use of DNA microarrays to test the hypothesis that exposure to moderate hypothermia, in the range known to produce clinically beneficial effects in vivo (32°C for 24 h), is sufficient to induce extensive changes in gene expression in THP-1 cells in vitro.
MATERIALS AND METHODS
Cell culture and hypothermic exposure. The acute monocytic leukemia cell line THP-1 was obtained from the American Type Culture Collection and maintained in culture using RPMI 1640 medium with standard additives in the presence of 10% defined FBS certified to have Ͻ0.01 EU/ml endotoxin activity (Hyclone; Logan, UT). Cultures were maintained in 5% CO 2 tissue culture incubators maintained at 37°C until ready for use. Cells were grown to ϳ80% confluence before the hypothermic exposure.
The hypothermic exposure was delivered by placing a flask of cells into a 5% CO 2 incubator maintained at a temperature of 32°C for 24 h. Control cells were maintained at 37°C. Both exposures were allowed to proceed in parallel; thus each individual experiment consisted of a paired set of flasks. With one exception, all of the experiments reported here were run on separate days; in the sole exception (which occurred in the samples used for microarray analysis), one hypothermic exposure was started in the morning and another in the afternoon, leading to some overlap of the time periods in which the two sets of paired samples were in the incubators.
RNA isolation. Total RNA was isolated from cells using RNeasy mini-columns (Qiagen) following the instructions of the manufacturer. The quality of RNA was assessed using standard techniques (7), including examination of the absorption spectrum in the range 230 -320 nm, measurement of the 260-to-280-nm optical density absorbance ratio, and by detection of clear 28S and 18S rRNA bands on ethidium bromide-stained agarose gels.
A sample pair was considered acceptable for microarray analysis if the quality of the RNA was suitable and if an increase in the expression of the CIRBP gene was detected in the 32°C sample by RT-PCR, as illustrated in Fig. 1 . Of the 13 experiments performed (8 for the purpose of microarray analysis and 5 for the subsequent confirmatory PCR), 12 experiments met the CIRBP expression criterion. The CIRBP responses of the seven samples included in the microarray analysis are illustrated in Fig. 1 . The rejected experiment (intended for microarray analysis) demonstrated high levels of CIRBP expression in the controls that did not increase further in cells exposed to moderate hypothermia. All five samples prepared for confirmatory PCR of the microarray findings demonstrated increases in CIRBP in response to cold stress; of these, the three that best illustrated the responses of other genes to moderate hypothermia were chosen for presentation here (see RESULTS) .
Microarray hybridization. Gene expression analysis was performed using Affymetrix U133A arrays (version 1). Hybridization to the array was performed by the Partners Gene Chip Array Technology Center (Cambridge, MA) following the manufacturer's instructions, as described in detail elsewhere (20) . Because of a switch in equipment used by our core laboratory, scanning of the first four paired sets of samples was performed using model 2500 Affymetrix scanner and preprocessed with CGOS 1.2 (first 4 experiments); the last three paired sets of samples were scanned with an model 3000 Affymetrix scanner and preprocessed with CGOS software. Mean clipped signal intensities were set to 100.
Expression analysis. For each sequence on the U133A array, a cold-to-control expression ratio was obtained by dividing the signal obtained from cells exposed to 32°C by the signal obtained from cells exposed to 37°C. To prevent expression ratios from becoming infinite or incalculable in log space, any expression signals of zero were reset to 0.01; this was chosen because the next-lowest signal intensity possible on the chips was 0.1. Only 12 sequences on the chip required this adjustment.
Sequences significantly affected by hypothermia were identified using previously established methods (18, 20, 22) . Briefly, the expression ratios were log transformed (natural log), and, for each sequence, the mean and 95% confidence intervals (CI) on the mean were computed using the T-distribution. Expression ratios with 95% CI that excluded zero [i.e., ln(1-fold) ϭ 0] were considered to have a statistically significant difference in expression between cold and control cells. Although computations for statistical significance were performed on natural log-transformed data, for ease of interpretation, means and CI were transformed back to base 10 for the purposes of reporting. Accordingly, the means presented in this study represent geometric means and are not located in the arithmetic center of the reported base 10 CI.
To reduce false-positive reports, where stated in the study, post hoc filtering of the data was performed as follows. First, sequences were required to display a twofold or greater change in expression. Second, the presence/absence calls reported by CGOS 1.2 software were required to be "present" or "marginal" in at least half (in this case, 4 of 7 experiments) of the hypothermic cells (for upregulated sequences) or in the control cells (for downregulated sequences). This general approach to post hoc filtering has been used in previous work, with slight variations (18, 20, 22) , and has been found to yield results that are both congruent with published literature and replicable by RT-PCR.
The CGOS 1.2 output files have been uploaded into the National Center for Biotechnology Information (NCBI) gene expression omnibus database under series Accession No. GSE4425.
Confirmatory RT-PCR. Poly-T primed RT-PCR was performed using the Retroscript First-Strand Synthesis Kit (Ambion; Austin, TX) following the manufacturer's instructions. Four micrograms of RNA per sample were used for each reaction. After the RT, samples were diluted to a concentration of 50 ng/l and further amplified by conventional PCR as described previously (18, 20) using Taq polymerase and buffer obtained from Promega (Madison, WI). The primer sequences used in these reactions are shown in Table 1 . 
RESULTS
Number of affected sequences. Of the 22,283 sequences on the Affymetrix U133A chip, 167 sequences met our prospectively defined criteria as being affected by moderate hypothermia. Of these, 100 sequences were decreased by cold exposure and 67 sequences were increased. These values were derived as follows: 4,832 sequences (2,631 decreased and 2,201 increased) showed statistically significant changes in expression as defined by 95% CI on the geometric means that excluded onefold [ϭ ln(0)]. Of these 4,832 sequences, 516 sequences (320 decreased and 196 increased) showed absolute changes in expression of twofold or greater. However, only about onethird of these sequences (167 sequences) also had expression calls of "present" or "marginal" in a majority of experiments under control conditions (for decreased sequences) or in the Expression ratios are shown as geometric means, with the 95% confidence intervals in parentheses. *Statistically significant change (P Յ 0.05). cold-exposed cells (for increased sequences). It is noteworthy that the number of sequences that were decreased by cold exceeded the number of sequences increased by this stress at all steps of post hoc filtering.
Functional categories of affected sequences. Figure 2 illustrates the distribution of functional categories to which the affected sequences were assigned. The classification was performed manually and was based on resources available at the NCBI Web site (http://www.ncbi.nlm.nih.gov), including Entrez Gene and Online Mendelian Inheritance in Man, and it mirrors previous work in our laboratory (18, 20 -22) . It should be noted that a number of sequences corresponded to genes that could reasonably be put into more than one of the functional classes; however, only one principal functional category was assigned to each sequence.
The functional categories that included the largest number of sequences affected by cold stress were as follows: unknown, 44 sequences (23 decreased and 21 increased); signal transduction including MAPK pathway elements, 18 sequences (10 decreased and 8 increased); metabolism and biosynthesis, 18 sequences (13 decreased and 5 increased); immune function, 10 sequences (3 decreased and 7 increased); heat shock proteins (HSPs) including chaperonins and cochaperonins, 12 sequences (all decreased); and cell growth, proliferation, and differentiation, 13 sequences (5 decreased and 8 increased).
Effect of moderate hypothermia on the expression of control sequences. The effects of moderate hypothermia on control sequences are shown in Table 2 . Table 2 lists sequences that showed little to no change in expression in a broad number of contexts (18, 20 -22) as well as a number of sequences (such as GAPDH and ␤-actin) that are widely used as a reference point for gene expression data. Of the 18 genes presented in Table 2 , only one (cyclophilin A) was represented by sequences that showed a statistically significant change in expression as a result of moderate hypothermia and all (including the sequences that did have a statistically significant change in expression) had geometric mean expression ratios that fell within 10% of onefold.
THP-1 cells have been found to differentiate in culture in response to a number of stimuli other than hypothermia (3, 8) . To ascertain whether there was evidence of hypothermiainduced differentiation under our experimental conditions, we examined the expression of sequences corresponding to antigens CD68, CD36, and CD11b (8) . Five sequences were identified on the array corresponding to these genes: one corresponding to CD68 and two each corresponding to CD36 and CD11b. Hypothermia had no effect on the expression of four of these sequences [geometric mean expression ratios (with 95% CI in parentheses): CD68, 0.81 (0.54 -1.2); CD36, 0.95 (0.74 -1.2) and 1.2 (0.40 -3.9); and CD11b, 0.89 (0.65-1.2)]. The fifth sequence, corresponding to CD11b, showed a statistically significant change in expression that was well below our cutoff level of twofold [geometric mean expression ratio of 1.4 (95% CI:
Sequences affected by moderate hypothermia. Tables 3 and  4 show the sequences most strongly affected by moderate hypothermia. Included are all sequences that met our post hoc filter criteria and showed changes in expression of Ն2.5-fold (or Յ0.40-fold in the case of decreased sequences). Both CIRBP and RBM3, genes widely known to demonstrate increases in expression at the level of mRNA as a result of hypothermia (4, 13, 14) , met our statistical significance and post hoc filter criteria for inclusion as genes affected by hypothermia. Two sequences corresponding to CIRBP were strongly increased by hypothermia, showing geometric mean expression ratios of 3.7-and 2.7-fold (Table 4) . Although somewhat less strongly affected by hypothermia, a sequence corresponding to RBM3 also met our inclusion criteria for upregulated genes [geometric mean expression ratio of 2.1 (95% CI: 1.5-3.0)].
Additionally, we specifically examined the effect of moderate hypothermia on the expression of TNF-␣ and IL-1␤, both of which have been found to have hypothermia-augmented expression in THP-1 cells stimulated with LPS (5). TNF-␣ showed a statistically significant increase in expression [geometric mean expression ratio of 1.9 (95% CI: 1.5-2.3)] and met our post hoc presence/absence call inclusion criterion but fell below the twofold expression ratio required to be included in the final list of genes. IL-1␤ was not expressed in any of the unstimulated control cells and did not exhibit a significant change in expression as a result of moderate hypothermia. Additionally, when we scanned the list of genes that met our inclusion criteria for cytokines, we found that hypothermia significantly increased the expression of IL-8 [geometric mean expression ratio of 2.1 (95% CI: 1.4 -3.0)] and calgranulin A(S100A8) [geometric mean expression ratio of 2.3 (95% CI:
Confirmatory RT-PCR. We performed RT-PCR on a select number of sequences of interest. Figure 3 shows the results of three additional experiments that were performed to confirm the microarray findings. The genes tested included the immune function proteins lymphocyte-specific protein (LSP)-1, C-type lectin-1, and CD14 (all listed in Table 4 ); the growth factor IGF-I (Table 4) ; transcription factor v-maf musculoaponeurotic fibrosarcoma (avian) oncogene family member F (MAFF; Table 4 ); HSP105 and HSP47 (both listed in Table 3 ); control sequences cyclophilin A and GAPDH (both listed Table 2 ); and the RNA-binding protein CIRBP (listed in Table 4 ). We also examined TNF-␣, which met all but our twofold cutoff criterion for inclusion. As illustrated in Fig. 3 , in each of the three paired sets of samples, the qualitative RT-PCR confirmed the predictions made by the microarray data regarding the effect of cold exposure on the direction of change in expression. There was, however, noticeable variation in the absolute levels of expression produced by the same stimulus in different experiments (Fig. 3) .
DISCUSSION
In summary, THP-1 cells exposed to moderate hypothermia (32°C) for 24 h demonstrate changes in gene expression that are extensive, broader than previously recognized, and include a substantial component of downregulation. Indeed, the number of sequences that demonstrated decreased expression as a result of moderate hypothermia exceeded the number of sequences that demonstrated increased expression and included important categories such as HSPs.
Microarray data are frequently criticized for generating large numbers of false-positive results. If one accepts a P value of Shown are all sequences whose expression ratios were 2.5 or more. Expression sequences are shown as geometric means, with 95% confidence intervals in parentheses.
Յ0.05 as statistically significant, one would expect about 1,100 of the 22,283 sequences on the array to be labeled as showing significant differences of expression by random chance alone, even in the absence of a true difference. The number of false-positive reports can, however, be reduced substantially by a variety of data-filtering techniques (10, 22) . The approach used here has been applied previously, with minor variations, to the study of heat shock (20) , hypoxia (18) , and vitamin D exposure (22) and, in those contexts, yielded results that were both highly congruent with the published literature and replicable by alternative techniques. In the present study, significant changes in expression were observed in sequences corresponding to genes such as CIRBP and RBM3, which are widely accepted as being true "cold shock" genes (19) . Conversely, none of the genes we examined as control sequences met our criteria for inclusion as cold responsive, and, in fact, only one (cyclophilin A) showed a statistically significant, although minor, change in expression. Furthermore, after post hoc filtering, the 95% CI on the geometric mean expression ratios were generally well removed from onefold, suggesting that in the final, filtered list of genes reported in Tables 3 and 4 , the number of false-positive reports is likely to be small. Finally, we were able to confirm a number of critical findings in separate experiments by RT-PCR; although qualitative in nature and only capable of reliably detecting large changes in expression (at least, substantially greater than the 10% change in expression observed for cyclophilin A on the microarray), the results nevertheless give added confidence that several of the more interesting changes observed in Tables 3 and 4 represent true-positive findings.
A known disadvantage to strict post hoc filtering of microarray data is that, while it enhances the efficiency of discovery of new genes affected by a particular stimulus by reducing the number of false-positive reports, this occurs at the expense of generating false-negative reports, i.e., it excludes sequences that are truly affected by the stimulus in question but that don't meet one of the post hoc filter criteria. This is true as well for the general approach used in this study (22) . Indeed, we found that TNF-␣ was significantly increased both by the microarray data [geometric mean expression ratio of 1.9 (95% CI: 1.6 -2.
3)] and on confirmatory RT-PCR (Fig. 2) but did not meet one of our post hoc criteria for inclusion (an expression ratio of at least 2-fold). Thus, although the lists of genes in Tables 3  and 4 contain at most a few false-positive reports, they cannot be considered comprehensive.
It is interesting to note that, in this study, moderate hypothermia produced a decrease in the level of expression of a number of HSP mRNA species, including large decreases in the expression of sequences representing physiologically important HSP genes such as HSP70, HSP110, and HSP105 (Table 3) . Cold stress has previously been believed to lead to increased expression of HSPs (for a review, see Ref. 19) ; however, the studies that specifically addressed this issue generally analyzed HSP expression after a period of rewarming rather than during the period of hypothermia itself, as was done here, and often used lower temperatures than those applied here. Indeed, in experiments in which gene expression in HepG2 cells was examined both at the end of a hypothermic exposure at 31°C and again after a period of recovery at 37°C (unpublished data, submitted elsewhere), HSP expression tended to show a pattern of decreased expression during cold stress followed by increased expression after rewarming. It therefore appears that the HSP response to cold depends critically on timing and intensity, with moderate hypothermia itself tending to produce decreases in HSP mRNA expression and rewarming after moderate hypothermia tending to produce a mild heat shock response.
In addition to HSPs, it appears that cold exposure per se can affect the expression of a number of molecules known to be involved in immune and somatic responses, including IL-8, CD14, IGF-I, and TNF-␣. Cold exposure modifies the response of monocytic cell lines to stimulation LPS by enhancing NF-B gene-dependent expression (5) . The present data suggest that cold itself may produce changes in the expression of important modulators of the immune response.
The results of this study should be interpreted with several important limitations in mind. First, we studied a cancer cell line, THP-1, as a model for mononuclear phagocytes; the effects of hypothermia on gene expression may therefore differ in important ways from what would be observed in a population of terminally differentiated cells, such as peripheral blood mononuclear cells or THP-1 cells that have been forced to differentiate by means of in vitro manipulations. Second, it is theoretically possible that cold exposure for 24 h led to selec- tive dropout of certain cell subpopulations This would tend to produce apparent changes in gene expression that are not due to changes in the production or degradation of mRNA species but rather due to changes in the distribution of cell subtypes. However, the use of an immortal cell line model decreased the likelihood of this occurrence, at least in principle. Third, cold exposure might conceivably lead to changes in the state of differentiation of THP-1 cells, which have been found to occur in response to in vitro stimuli other than hypothermia (3, 8) . However, we found no significant changes in the expression of sequences corresponding to critical differentiation antigens (specifically, CD68, CD36, and CD11b), nor did we notice any obvious changes in THP-1 cell morphology, cell-cell adhesion, or cell adhesion to artificial surfaces with over 24 h of exposure to 32 vs. 37°C. Fourth, as noted, our post hoc filter criteria were designed to reduce false-positive reports and, as a result, likely excluded a number of sequences that are indeed affected by cold stress. Fifth, our qualitative PCR experiments can only confirm directions of change in gene expression, not magnitude. Additionally, although the comparisons between controls and hypothermic samples all led to consistent observations, there was noticeable variation in the absolute levels of expression observed across experiments. Potential sources of this variation are well established and include both inherent differences in baseline and activated levels of gene expression (a well-known issue with THP-1 cells) and technical issues such as minor differences in RNA loading that are inherent to qualitative PCR techniques. A precise definition of the magnitude of the changes in expression shown in Fig. 2 would require use of quantitative techniques such as real-time PCR. Finally, it is unclear from the examination of a single cell type alone how extensively the findings may be generalized to other cell types. However, about 25 of the genes reported here also demonstrated large responses to hypothermia in the hepatocytes cell line HepG2 (unpublished data). This suggests that the gene expression response to hypothermia includes both responses that are cell type specific and responses that are general.
Although there is hazard in extrapolating findings made in vitro to the complex processes that occur in vivo, it is noteworthy that the cold exposure delivered in this study was roughly comparable with the degree of cold exposure that has been reported to lead to benefit in studies of therapeutic hypothermia (1, 9, 11, 12, 17) . These studies could only speculate about the mechanisms by which benefit was produced but did not consider the possibility of cold-induced changes in gene expression. The present findings suggest that the hypothermic exposure used in these studies might have been sufficient to produce a gene expression response. It is therefore plausible that some of the effects of moderate hypothermia on tissues and systemic function might be mediated, at least in part, by cold-induced changes in gene expression of circulating mononuclear cells. Further work will be required to test this hypothesis.
In conclusion, the exposure of THP-1 cells in vitro to moderate hypothermia (32°C) for 24 h led to changes in gene expression that were extensive and included a significant component of downregulation. Moderate hypothermia without rewarming produced a decrease in the expression of a number of HSPs and also affected the expression of a number of molecules capable of modulating immune responses and other somatic effects. Our work suggests that cold responses differ substantively from heat shock responses and raises the question of whether or not changes in gene expression might contribute to some of the systemic effects of prolonged hypothermia.
